Under conditions of nitrogen stress, leguminous plants form symbioses with soil bacteria called rhizobia. This partnership results in the development of structures called root nodules, in which differentiated endosymbiotic bacteria reduce molecular dinitrogen for the host. The establishment of rhizobium-legume symbioses requires the bacterial synthesis of oligosaccharides, exopolysaccharides, and capsular polysaccharides. Previous studies suggested that the 3-deoxy-D-manno-oct-2-ulopyranosonic acid (Kdo) homopolymeric capsular polysaccharide produced by strain Sinorhizobium meliloti Rm1021 contributes to symbiosis with Medicago sativa under some conditions. However, a conclusive symbiotic role for this polysaccharide could not be determined due to a lack of mutants affecting its synthesis. In this study, we have further characterized the synthesis, secretion, and symbiotic function of the Kdo homopolymeric capsule. We showed that mutants lacking the enigmatic rkp-1 gene cluster fail to display the Kdo capsule on the cell surface but accumulate an intracellular polysaccharide of unusually high M r . In addition, we have demonstrated that mutations in kdsB2, smb20804, and smb20805 affect the polymerization of the Kdo homopolymeric capsule. Our studies also suggest a role for the capsular polysaccharide in symbiosis. Previous reports have shown that the overexpression of rkpZ from strain Rm41 allows for the symbiosis of exoY mutants of Rm1021 that are unable to produce the exopolysaccharide succinoglycan. Our results demonstrate that mutations in the rkp-1 cluster prevent this phenotypic suppression of exoY mutants, although mutations in kdsB2, smb20804, and smb20805 have no effect.
When nitrogen is limited, many leguminous plants enter into symbiotic relationships with members of the rhizobia, a group of gram-negative soil bacteria. Rhizobia are able to elicit the formation of specialized symbiotic structures located on the plant root, referred to as nodules. The bacteria colonize the developing nodules via a complex series of developmental steps. Initially, the rhizobia adhere to root hairs, specialized epidermal cells located on the surface of the plant root. The adhered bacteria then alter the morphology of the root hairs, such that a curled structure called a shepherd's crook is formed, which entraps a microcolony of the bacteria. Bacteria entrapped within the shepherd's crook subsequently elicit the formation of a tubular invagination of the root hair, referred to as an infection thread. The rhizobia occupy the infection thread, which extends to the base of the root hair and penetrates into the developing nodule. Finally, the bacteria are released from the infection thread into the cytoplasm of the nodule cells, where they differentiate into bacteroids and reduce molecular dinitrogen for the plant (6, 7, 32, 60, 75) .
The establishment of a successful rhizobium-legume symbiosis requires an exchange of molecular signals between the symbiotic partners. Plants secrete small molecules into the surrounding soil, such as flavonoids, isoflavonoids, and betaines. These compounds induce the transcription of nod genes within the bacteria (50, 51, 53, 56, 64, 66) , which are responsible for the biosynthesis of Nod factor (16, 17, 43, 46, 63) . Nod factor, in turn, elicits symbiotic responses within the plant that lead to cortical cell dedifferentiation and division, resulting in the formation of a nodule (15, 16, 19, 21, 46, 49, 69, 72) .
Besides Nod factor, three additional classes of polysaccharides have been shown to be required for symbiosis: lipopolysaccharides (LPS), exopolysaccharides, and capsular polysaccharides (K antigens) (57) . Mutations that affect the structure of LPS, or its modification by small molecules, result in defects in the ability of the bacteria to colonize root nodules or prevent the differentiation of intracytoplasmic bacteria into bacteroids (4, 14, 39, 68) . Mutations in exo genes of Sinorhizobium meliloti strain Rm1021 prevent the biosynthesis of the acidic exopolysaccharide succinoglycan and result in a lack of infection thread extension into the developing nodule (10, 18, 40, 48, 70, 80) . The requirement for succinoglycan can be bypassed by mutations that activate the production of a normally cryptic galactoglucan (also known as exopolysaccharide II), which can functionally replace succinoglycan during symbiosis (28-30, 48, 81) .
Although exo mutants unable to produce succinoglycan display strong symbiotic phenotypes in strain Rm1021, the production of succinoglycan is not required for symbiosis in other S. meliloti strains. In S. meliloti strain Rm41, the lack of a symbiotic requirement for succinoglycan results from the synthesis of a capsular polysaccharide, which can functionally replace succinoglycan during symbiosis (59, 79) . This capsular polysaccharide is a copolymer of glucuronic acid and pseudaminic acid (57) (58) (59) , and its biosynthesis is dependent on the rkp-1, rkp-2, and rkp-3 gene clusters (36, 54) . The rkp-1 and rkp-2 clusters appear to be present among other Sinorhizobium species, whereas the third gene cluster seems to be specific to S. meliloti strain Rm41 (37) . The rkp-1 cluster includes the genes rkpA-F, which display significant sequence similarity to type I fatty acid synthases (27, 52) or polyketide synthases (4) . Consistently with the proposed function of the rkpA-F cluster in the biosynthesis of fatty acids, the rkpF gene has been shown to undergo a posttranslational modification by 4Ј-phosphopantetheine, which is required for the biological activity of all fatty acid synthases studied to date (23) . Additionally, the rkp-1 cluster includes rkpG, predicted to encode an acyl-transferase; rkpH, predicted to encode an oxidoreductase; and the rkpIJ genes, predicted to encode part of an export apparatus (38) . Collectively, the genes of the rkp-1 cluster have been proposed to function in generating a lipid or polyketide necessary for the production of capsule (27, 38, 52) . The rkp-2 gene cluster is necessary for the synthesis of the glucuronic acid component of the capsule and is composed of two genes: lpsL, which encodes a UDP-glucuronic acid epimerase, and rkpK, a gene encoding UDP-glucose dehydrogenase (36) . Finally, the genes in the rkp-3 cluster encode proteins involved in the production of precursors of the capsule polymer (rkpL-Q) as well as proteins responsible for the export of the capsular polysaccharide to the cell surface (rkpR-T) (37) .
Strain Rm41 normally produces a capsule of 20 to 25 kDa (59) . Mutants of Rm41 lacking the rkpZ gene produce a capsule of approximately 25 to 35 kDa, which cannot replace succinoglycan during symbiosis (59) . Consequently, the rkpZ gene has been suggested to encode a chain length determinator (59) . The expression of rkpZ also can affect polysaccharide formation in other S. meliloti strains. The introduction of rkpZ into strain Rm1021 partially corrects the symbiotic defect of exo mutants (48, 59, 67, 79) . These data suggested that strain Rm1021 produces the same capsular polysaccharide as Rm41, but the degree of polymerization of the capsule is inappropriate to promote symbiosis.
A recent study reported the characterization of a capsular polysaccharide derived from S. meliloti strain Rm1021 (25) . Unlike the capsular polysaccharide detected in strain Rm41, this polysaccharide was reported to be a homopolymer of 3-deoxy-D-manno-oct-2-ulopyranosonic acid (Kdo) (25) . The Kdo homopolymer produced by S. meliloti Rm1021 was reported to be of low M r (3 to 6 kDa). However, the introduction of the rkpZ gene from strain Rm41 resulted in an increase in the M r of this polysaccharide (3 to 30 kDa) as well as an increase in its abundance (67) .
Because the introduction of rkpZ from Rm41 altered the M r of the Kdo homopolymer and suppressed the symbiotic phenotype of Rm1021 exo mutants, the previous study concluded that this Kdo homopolymeric capsular polysaccharide could functionally replace succinoglycan during symbiosis (67) . However, because of a lack of mutants that disrupt the synthesis of the Kdo homopolymer, the authors were unable to eliminate the possibility that the expression of rkpZ influences the biosynthesis of an alternative polysaccharide, which resulted in the observed symbiotic phenotypes.
In this communication, we describe a genetic characterization of capsular polysaccharide biosynthesis in S. meliloti strain Rm1021. We identified a gene cluster involved in the optimum polymerization of the Kdo homopolymeric capsule. Furthermore, we show that the rkp-1 cluster is required for the detection of the Kdo homopolymer on the cell surface. Finally, we demonstrate that the rkp-1 cluster is required for the suppression of the exo mutant symbiotic phenotype by rkpZ.
MATERIALS AND METHODS
Bacterial strains and media. All Sinorhizobium meliloti strains used in this study are derivatives of either Rm1021 or Rm41 and are listed in Table 1 . S. meliloti strains were cultured in Luria-Bertani (LB) (13) or tryptone yeast extract (TY) medium (5) with antibiotics as previously described (45) .
Strain construction. Plasmid DNA was introduced into all S. meliloti strains via triparental mating utilizing the Escherichia coli helper strain MT616, as previously described (20) .
Strain MGM024 was constructed by introducing plasmid pMG006, a derivative of plasmid pJQ200 (55) , containing a neomycin-resistant (Nm r ) marked deletion fragment of rkpA, into strain Rm1021, followed by selection for gentamicin resistance. Plasmid pMG006 cannot replicate in S. meliloti and can be stably maintained only through a recombination event between the rkpA gene fragment on the plasmid and the rkpA gene on the chromosome. The gentamicin-resistant colonies then were streaked onto LB medium containing 5% sucrose. Plasmid pMG006 contains the sacB gene, which confers sensitivity to sucrose. Sucroseresistant colonies that were sensitive to gentamicin but resistant to neomycin were presumed to have undergone an allelic exchange event that resulted in the replacement of the wild-type rkpA fragment on the chromosome with the Nm r -marked rkpA deletion. The mutant construct then was verified by PCR amplification and sequencing. Strain MGM164 was constructed in strain Rm41 by the same method.
Strain MGM260 was constructed by the introduction of plasmid pMG043 (a derivative of plasmid pVO155 [45] , harboring an internal fragment of rkpA) into Rm1021 and selection for neomycin-resistant colonies. Plasmid pMG043 cannot replicate within Rm1021, therefore colonies resistant to neomycin can arise only following recombination between the rkpA gene fragment on plasmid pMG043 and the genomic copy of rkpA. Colonies that were neomycin resistant were presumed to have undergone recombination events that integrated the plasmid into the genome, thereby disrupting the rkpA gene. The insertion events then were confirmed via PCR. Strain DKR530 was constructed by the introduction of plasmid pDKR530 (a derivative of plasmid pDW33 [45] , which contains an internal fragment of the exoY gene) into Rm1021 and selection for hygromycinresistant colonies. Colonies that were hygromycin resistant were presumed to have undergone recombination events that integrated plasmid pDKR530 into the genome, disrupting the exoY gene, which was confirmed by PCR analysis and the examination of succinoglycan production. Strains MGM003, MGM445, MGM418, MGM419, DKR520, MGM420, and MGM365 were constructed in an equivalent manner via the introduction of the plasmids pMG042, pMG510, pMG511, pMG512, pDK520, pMG502, and pMG503, respectively, selection for hygromycin resistance, and confirmation by PCR.
Strain MGM349 was constructed via the introduction of rkpA::Nm (from strain MGM024) into strain DKR530 using bacteriophage N3. Similarly, strains MGM395, MGM464, MGM427, MGM428, MGM435, and MGM436 were constructed by the bacteriophage N3-mediated introduction of rkpA::Nm into strains MGM003, MGM445, MGM418, MGM419, MGM420, and MGM365, respectively.
The mutant strains MGM340 and MGM417 were constructed via the introduction of kdsB2::pDW33 with bacteriophage N3 into strains DKR145 and MGM024, respectively.
Plasmid construction. All plasmids used in this study are listed in Table 1 . Plasmid pMTO001 was constructed by amplifying a 2,156-bp internal fragment of rkpA from S. meliloti Rm1021 genomic DNA via PCR using the primers 5Ј-GG ATCCGGGCACCCCCACGTCACCT-3Ј and 5Ј-GGGCCCGGCTCCGGTAC GCTCGCCT, followed by being cloned into plasmid pCR2.1 (Invitrogen). Using two SmaI restriction sites located within the cloned rkpA fragment, 1,258 bp of DNA was excised to yield plasmid pMTO002. The rkpA gene fragment containing the 1,258-bp deletion then was liberated from plasmid pMTO002 using restriction enzymes ApaI and BamHI and ligated into vector pJQ200 (digested with the same enzymes) to generate plasmid pMG003. A 1,497-bp fragment containing the neomycin resistance gene (nptII) was liberated from plasmid pVO155 through digestion with NruI. This fragment subsequently was ligated into plasmid pMG003 digested with SmaI to yield plasmid pMG006. The presence of the fragment was verified via PCR, restriction digestion, and the demonstration of neomycin resistance.
Plasmid pMG043 was constructed by excising a 2,156-bp internal rkpA fragment from plasmid pMTO001 using the restriction enzymes BamHI and XbaI and ligating it into vector pVO155, which had been digested with the same restriction enzymes. The presence of the fragment was verified by PCR and restriction digestion. The plasmid pMG042 was constructed by amplifying an internal fragment of rkpG from Rm1021 genomic DNA using the primers 5Ј-GGATCCCCGCGTC GGCGAGCCGCCT-3Ј and 5Ј-CTCGAGATCCGCGGTGTCGTTGTGC-3Ј. The resulting PCR product was cloned into plasmid pCR2.1, yielding plasmid pMTO509. The rkpG-containing fragment then was excised from plasmid pMTO509 via restriction digestion with the enzymes BamHI and XhoI and ligated into plasmid pDW33, which had been digested with the same enzymes. The presence of the fragment was verified via PCR and restriction digestion.
Plasmid pMG510 was constructed using the PCR primers 5Ј-CCGGATCCA TTCGAGGCGATGCAGG-3Ј and 5Ј-ACCTCGAGGCGCAGTAGGCGGTA TA-3Ј to amplify an internal fragment of the rkpH gene from Rm1021 genomic DNA, which subsequently was cloned into plasmid pCR2.1 to yield plasmid pMTO510. The resulting plasmid then was digested with the restriction enzymes BamHI and XhoI and ligated into plasmid pDW33, which had been digested with the same enzymes.
Plasmid pMG511 was constructed by the PCR amplification of an internal fragment of rkpI from Rm1021 genomic DNA using primers 5Ј-TCGGATCCG TCGTCTTCCATTTCAT-3Ј and 5Ј-CCCTCGAGGACATTGCTCAAGCGC C-3Ј and was cloned into plasmid pCR2.1 to yield plasmid pMTO511. The rkpI-containing fragment then was liberated from pMTO511 by digestion with restriction enzymes BamHI and XhoI and ligated into plasmid pDW33, which had been treated with the same enzymes.
The plasmid pMG512 was constructed by amplifying an internal fragment of rkpJ from Rm1021 genomic DNA using the PCR primers 5Ј-CCGGTCGACG AATATGCCGGGTGGA-3Ј and 5Ј-TTCTCGAGCGGGTGCACCTTGACG G-3Ј. The resulting PCR product was cloned into plasmid pCR2.1 to yield plasmid pMTO512. The rkpJ fragment then was excised with the restriction enzymes SalI and XhoI and ligated into plasmid pDW33, which had been digested with the same enzymes.
Plasmid pDKR520 was constructed by PCR amplification of a kdsB2 internal fragment from Rm1021 genomic DNA utilizing the primers 5Ј-ACGTCGACA AGCTGTTCGCGCCGCA-3Ј and 5Ј-TCTGGGATCCTCGAAGAGATTTCC GCAGCG-3Ј. The kdsB2-containing PCR fragment was subsequently digested with the enzymes SalI and BamHI and ligated into plasmid pDW33, which had been treated with the same enzymes.
The plasmid pMG502 was constructed by amplifying an internal fragment of ORF smb20804 from Rm1021 genomic DNA using the primers 5Ј-AGGTCGA CGGAACCACTGCGAACGC-3Ј and 5Ј-TTGGATCCGGCGTCCATCTCGA GGG-3Ј. The PCR product then was cloned into plasmid pCR2.1 to yield plasmid pMTO502. The smb20804-containing fragment then was excised from plasmid pMTO502 with the restriction enzymes SalI and BamHI and ligated into plasmid pDW33, which had been digested with the same enzymes.
The plasmid pMG503 was constructed by amplifying an internal fragment of open reading frame (ORF) smb20805 from Rm1021 genomic DNA using the primers 5Ј-TCCCAGCGTAATCGCAAAGCCTCTG-3Ј and 5Ј-GGTGTCTAG ACGTGCCACCCCGTAC-3Ј. The PCR product then was cloned into plasmid pCR2.1 to yield plasmid pMTO503. The smb20805-containing fragment then was excised with the restriction enzymes BamHI and XhoI and ligated into plasmid pDW33, which had been digested with the same enzymes.
Plasmid pDKR530 was constructed by the PCR amplification of an exoY internal fragment from Rm1021 genomic DNA utilizing the primers 5Ј-AGGT CGACGAAGAGTTTTTCAGGATCAACC-3Ј and 5Ј-TGCCGGATCCCCGT CAGGCCGGGACGCGAT-3Ј. The exoY-containing PCR fragment subsequently was digested with the enzymes SalI and BamHI and ligated into plasmid pDW33, which had been treated with the same enzymes. The plasmid pMG060 was constructed by amplifying ORFs rkpG and rkpH from Rm1021 genomic DNA using the primers 5Ј-ATTGTCTAGAACAAGCA TGGCCGCGGGCGC-3Ј and 5Ј-TGTCGGATCCGACAAGGAAAAGCA-3Ј. The PCR product then was cloned into plasmid pCR2.1 to yield plasmid pMTO060. The rkpGH-containing fragment then was excised with the restriction enzymes BamHI and XbaI and ligated into plasmid pMS04, which had been digested with the same enzymes.
The plasmid pMG052 was constructed by amplifying ORF smb20805 from Rm1021 genomic DNA using the primers 5Ј-TTGCTCGCTCAACGCCTGCG TTAGA-3Ј and 5Ј-CTTTAACGTCAGCTAACGCAATCCC-3Ј. The PCR product then was cloned into plasmid pCR2.1 to yield plasmid pMTO052. The smb20805-containing fragment then was excised with the restriction enzymes XbaI and BamHI and ligated into plasmid pMB393, which had been digested with the same enzymes.
Extraction and analysis of cellular polysaccharides. Cellular polysaccharides were obtained by phenol-water extraction as described previously (71) with the following modifications: cells were grown to stationary phase in 1 ml LB liquid medium (in the presence of antibiotics), pelleted, and washed in 1 ml of LB medium. The resulting cell pellet was resuspended in 180 l of solution A (0.05 M Na 2 HPO 4 , 0.005 M EDTA, pH 7), and 180 l of 90% phenol subsequently was added.
Alternatively, cellular polysaccharides were extracted from S. meliloti cells harvested either from 1-ml LB liquid cultures or directly from LB medium plates using EDTA-triethylamine (EDTA-TEA) buffer as described previously (74), with the following modifications. Briefly, cells were washed once in LB liquid medium and resuspended in 50 l of 100 mM EDTA (titrated to pH 7.0 with TEA) per approximately 20 mg of wet cell mass. Samples then were incubated at room temperature for 15 min before centrifugation at 10,000 ϫ g for 2 min. The supernatant was removed, 25 l sodium dodecyl sulfate (SDS) sample buffer was added, and samples were incubated at 100°C for 5 min.
Detection of polysaccharides. After the addition of SDS sample buffer, the polysaccharide extracts were fractionated via Tris-Tricine SDS-polyacrylamide gel electrophoresis (PAGE) as described previously (44) , and polysaccharides were visualized by staining with Alcian blue (11) .
Fractionation of polysaccharides and glycosyl composition analysis. Polysaccharides from 1-liter cell cultures were extracted by the phenol-water procedure, and the water layers were treated sequentially with a mixture of DNase and RNase (20 l/ml each) and Pronase (20 l/ml). Following dialysis and lyophilization, the total yield of polysaccharide was approximately 80 mg from each extract. Portions (10 mg) of the polysaccharide extracts were fractionated by size-exclusion chromatography under dissociative conditions on a column of Sephacryl S-400 HR (1.1 by 100 cm) equilibrated in 10 mM Tris buffer (pH 9.2) containing 0.25% sodium deoxycholate, 0.2 M NaCl, and 1.0 mM EDTA. Chromatography was performed on an AKTA system (G.E. Healthcare/Amersham), and the eluant was monitored for the refractive index (RID-10A detector; Shimadzu Corp., Kyoto, Japan) and by UV absorbance at 215, 254, and 280 nm. The fractions obtained from size-exclusion chromatography were dialyzed to remove detergent (57) and then lyophilized. Aliquots (100 to 200 g) were subjected to glycosyl composition analysis by preparing the trimethylsilyl methyl glycoside derivatives (70), and gas chromatography-mass spectrometry was performed as described previously (71) .
In vivo labeling of cellular polysaccharides. Wild-type and mutant S. meliloti cells were inoculated into 1 ml LB medium in the presence of 2 Ci of [U- 14 C]glucose and cultured to saturation (optical density at 600 nm of ϳ3). The cells were washed once in LB medium, and the radiolabeled polysaccharides then were extracted via phenol-water or EDTA-TEA as described above. The radiolabeled polysaccharides were subsequently fractionated on Tris-Tricine SDS-PAGE, and the incorporation of 14 C was detected by phosphorimaging. Periplasmic fractionation. The preparation of periplasmic fractions was carried out by osmotic shock treatment as described previously (41) , with the following modifications. S. meliloti strains were cultured to stationary phase in 1 ml LB liquid medium (in the presence of antibiotics), and the cells were harvested via centrifugation at 16,000 ϫ g. After being washed once in LB medium, the cells were resuspended in 0.4 ml of 50 mM Tris-HCl (pH 8.0), 20% (wt/vol) sucrose, 2 mM EDTA containing 1 mg/ml lysozyme and were incubated for 15 min on ice. NaCl then was added to a final concentration of 100 mM, and samples were incubated for an additional 10 min on ice. Samples were centrifuged for 10 min at 6,800 ϫ g. Material from both the soluble and insoluble fractions then were extracted via the phenol-water method and fractionated by Tris-Tricine PAGE, and polysaccharides detected by Alcian blue staining or by phosphorimaging.
Subcellular fractionation of very-high-molecular-weight polysaccharide. S. meliloti strains were cultured to stationary phase in 200 ml LB (in the presence of antibiotics). Cells were harvested at 5,500 ϫ g and exposed to osmotic shock treatment (as described above, except that cells were washed in 25 ml LB medium and resuspended in 10 ml osmotic shock buffer). The insoluble pellet was frozen at Ϫ20°C, thawed, and resuspended in 15 ml buffer A. The suspensions were treated with DNase and RNase (20 l/ml each) at 37°C for several hours, until they showed clearing. Pronase subsequently was added at 20 l/ml, and suspensions were incubated again at 37°C for several hours. Suspensions were centrifuged at 8,000 ϫ g for 15 min, and the supernatant was removed and centrifuged again to be cleared completely of debris. The supernatants then were exposed to ultracentrifugation for 30 min at 237,000 ϫ g (Beckman TL-100 Ultracentrifuge, Rotor TLA-100.3). Polysaccharides were extracted from the resulting pellet fractions using phenol-water (as described above), while the supernatants were left untreated.
Nodulation assay. Nodulation assays were performed as described previously (22) on Jensen's medium agar (76) in glass tubes. Plants were grown for 80 days.
Recovery of bacteria from nodules. Nodules were removed from the root of the plant and pooled (15 plants for each treatment listed). The nodules then were treated with 20% sodium hypochlorite for 2 min, followed by three washes with sterile water. The surface-sterilized nodules were resuspended in LB liquid medium containing 0.3 M sucrose and homogenized. The resulting suspension then was serially diluted and plated on LB medium plates containing streptomycin. After 3 to 4 days the colonies were counted.
Dry weight measurements. Eighty days after inoculation, the plants were dried for 5 h at 95°C and their dry weights determined.
␤-Glucuronidase assay. The ␤-glucuronidase activity was determined by a spectrophotometric assay, as described by Jefferson et al. (34) .
RESULTS
Inactivation of rkpA-J in S. meliloti strain Rm1021. To better understand the physiological function of polysaccharides in strain S. meliloti Rm1021, we sought to construct mutants deficient in the synthesis of the Kdo homopolymeric capsule. In strain Rm41, the production of capsular polysaccharide has been reported to require the rkp-1 cluster (38, 52, 54) . Although the rkp-1 cluster also is present in strain Rm1021, to our knowledge a characterization of its physiological function has not been reported. We inactivated each of the five genes in the rkp-1 cluster and investigated the effects of the mutations on the synthesis of cell surface polysaccharides. We constructed a 1,258-bp deletion in the rkpA gene, which was replaced with a neomycin resistance cassette. Mutations in the remaining four genes (rkpG, rkpH, rkpI, and rkpJ) were generated via vector integration with plasmid pDW33, a derivative of plasmid pVO155 (45) . Plasmid pDW33 contains a ColE1 origin (which is incapable of replication within S. meliloti) and harbors a promoterless copy of uidA, allowing for the construction of transcriptional fusions, and it encodes hygromycin resistance (12, 45) .
Mutations in the rkp-1 gene cluster prevent detection of surface-associated Kdo homopolymeric capsule. We cultured wild-type S. meliloti and each of the rkp-1 cluster mutants in LB medium in the presence of [U-
14 C]glucose, recovered cell surface polysaccharides via extraction with EDTA-TEA buffer, fractionated the extracts on Tris-Tricine SDS-PAGE, and visualized the polysaccharides by staining with Alcian blue (Fig.  1A) or by phosphorimaging (Fig. 1B) . When fractionated on Tris-Tricine SDS-PAGE, LPS migrates as two species: rough LPS, which migrates at a lower M r , and smooth LPS, which migrates at a higher M r . Consistently with previous reports (25, 67) , we observed a polysaccharide that migrated between the rough and smooth LPS, forming a light crown above the intensely stained rough LPS band (Fig. 1A and B) .
Whereas wild-type strains produced detectable quantities of this polysaccharide species, it was undetectable in extracts derived from mutants affecting the rkp-1 gene cluster (rkpA-J) (Fig. 1A and B) . Despite the lack of detectable capsular polysaccharide, the LPS of each of the rkp-1 mutant strains was present at levels similar to those of wild-type cells and exhibited a similar banding pattern. These results suggest that mutations in the rkp-1 gene cluster prevent the detection of the capsule but do not result in a gross perturbation of polysaccharide synthesis.
Previous studies showed that the introduction of the rkpZ gene (from S. meliloti strain Rm41) into strain Rm1021 results in a higher degree of the polymerization of the Kdo homopolymeric capsule as well as an increase in overall capsule production (67) . To better understand the role of the rkp-1 cluster in the production of capsular polysaccharide, we introduced plasmid pMW23 (which contains the rkpZ gene from Rm41 [79] ) into wild-type Rm1021 and the rkp-1 mutants. Similarly to what had been observed previously (67) , when examined by Tris-Tricine SDS-PAGE and Alcian blue staining, extracts prepared from wild-type Rm1021 harboring plasmid pMW23 displayed a ladder of bands, which extended from the region corresponding to the rough LPS band to the top of the separating portion of the gel (Fig. 1A and B) . In contrast, we did not observe the production of this ladder of bands in the rkp-1 mutants. We thus conclude that the rkp-1 gene cluster is required for the detection of the Kdo homopolymeric polysaccharide in strain Rm1021.
Function of individual rkp-1 cluster genes in expression of the Kdo homopolymer. Mutations in each of the genes comprising the rkp-1 cluster resulted in a lack of detectable Kdo homopolymer. Although little is known about the structure of rhizobial promoters, the intergenic regions between the rkpA-J genes are short in length (Fig. 1C) . Therefore, it was possible that the genes within the rkp-1 cluster are cotranscribed, and that mutations in the upstream genes of this cluster exert a polar effect on the transcription of the downstream genes. The rkpG::pDW33, rkpH::pDW33, rkpI::pDW33, and rkpJ::pDW33 insertions result in a transcriptional fusion of the respective gene to uidA. We measured the ␤-glucuronidase activity of the rkpG::uidA, rkpH::uidA, rkpI::uidA, and rkpJ::uidA transcriptional fusions in a wild-type background or in the presence of the rkpA::Nm mutation. In the presence of the rkpA::Nm mutation, the expression of rkpG::uidA and rkpH::uidA fusions was reduced ca. 83% with respect to the expression in a wildtype background (Fig. 2) . These data suggest that the rkpA::Nm mutation is polar on the expression of the rkpG and rkpH genes. In contrast, the expression of the rkpI::uidA and rkpJ::uidA fusions was unaffected by the presence of the rkpA::Nm mutation (Fig. 2) , suggesting that the rkpA and rkpIJ genes are transcribed independently. Complementation experiments with plasmid-borne rkpG and rkpGH were consistent with these findings (see Fig. S1 in the supplemental material).
Identification of a very-high-molecular-weight polysaccharide species in rkp-1 mutant strains harboring rkpZ. While mutations in the rkp-1 cluster resulted in a lack of detectable capsular polysaccharide under our assay conditions, the reason behind this lack of polysaccharide production was unclear. The method we employed for polysaccharide preparation involved the treatment of the cells with EDTA-TEA, which is expected primarily to extract macromolecules present in the outer membrane (39, 61, 73) . We therefore utilized an alternative method, phenol-water extraction (71) , to isolate total radiolabeled cellular polysaccharides, which then were fractionated on Tris-Tricine SDS-PAGE and visualized using phosphorimaging (Fig. 3A) . Consistently with the results observed with the EDTA-TEA protocol, we did not detect the capsular polysaccharide in the rkpA::Nm mutant harboring vector alone when . Thus, rkp-1 mutant strains harboring plasmid pMW23 produce a very-high-molecular-weight polysaccharide that cannot be liberated via extraction with EDTA-TEA, suggesting that it is not present on the cell surface. Interestingly, we also observed the presence of the very-high-molecular-weight species in phenol-water extracts derived from wild-type Rm1021 containing pMW23 (Fig. 3A) , although the species was present in reduced quantity compared to those of the rkp-1 mutants.
To determine if the very-high-molecular-weight species observed in rkp-1 mutants containing plasmid pMW23 represents an intracellular polysaccharide, we examined the subcellular localization of the polysaccharides produced by both wild-type and rkpA mutant strains harboring pMW23. Treatment with EDTA-TEA divides cellular material into two fractions: a soluble fraction, which is expected to consist of outer membrane components (and likely components of the periplasm), and an EDTA-TEA-insoluble fraction, expected to contain intact cells, components of the periplasm, and the cytoplasm and cytoplasmic membrane (39, 61, 73) . We examined the polysaccharide components of the EDTA-TEA-insoluble fraction by extraction via phenol-water and detection by phosphorimaging (Fig. 3B) . Using this approach, we were able to demonstrate that the EDTA-TEA-insoluble fraction of both wild-type and rkpA::Nm mutant strains harboring pMW23 contained the very-high-molecular-weight polysaccharide species. Our ability to extract the very-high-molecular-weight polysaccharide exclusively from this fraction suggested that it was located in the periplasm, the cytoplasmic membrane, or within the cytoplasm. To determine if the very-high-molecular-weight polysaccharide was present in the periplasm, we subjected wild-type cells and the rkpA::Nm mutant harboring pMW23 to osmotic shock. This method has been used previously with S. meliloti strain Rm1021 for the recovery of periplasmic contents (41). We then 5) and EDTA-TEA-insoluble fractions (lanes 6 to 10) and then were extracted via phenol-water, fractionated by Tris-Tricine PAGE, and visualized by phosphorimaging. Lanes 1 and 6, MGM044; lanes 2 and 7, MGM312; lanes 3 and 8, MGM314; lanes 4 and 9, MGM405; and lanes 5 and 10, MGM385. HMW, high molecular weight; LMW, low molecular weight.
employed phenol-water extraction to prepare polysaccharides from the periplasmic fraction and detected the polysaccharides by staining with Alcian blue. We did not detect the very-highmolecular-weight polysaccharide in the osmotic shock fraction of either the wild type or the rkpA mutant (Fig. 4A) . Instead, we detected the very-high-molecular-weight polysaccharide in the insoluble material remaining after osmotic shock extraction (Fig. 4B) .
Our inability to observe the very-high-molecular-weight polysaccharide in either the EDTA-TEA-soluble fraction or the osmotic shock fraction suggested that the polysaccharide was located in the cytoplasm or associated with the cytoplasmic membrane. Thus, we subjected the insoluble fraction after osmotic shock treatment to freeze-thaw, low-speed centrifugation to remove cell debris and unbroken cells, and then ultracentrifugation. The resulting pelleted material then was extracted using phenol-water. Utilizing this approach, we found that the very-high-molecular-weight polysaccharide was present in the supernatants resulting from the ultracentrifugation of both the wild type and the rkpA::Nm mutant harboring pMW23 (although more was observed in the supernatants derived from rkpA::Nm), and only a small portion was recovered from the ultracentrifuge-pelleted fractions (Fig. 4B) . The ultracentrifuge pellets contained significant amounts of what appeared to be LPS, indicating the presence of outer membrane material in this fraction. However, these results suggest that the majority of the very-high-molecular-weight polysaccharide is found in the soluble fraction, consistently with a cytoplasmic location.
Compositional analysis of very-high-molecular-weight polysaccharide. To determine if the very-high-molecular-weight polysaccharide observed in rkp-1 mutants harboring pMW23 was an intracellular form of the Kdo homopolymeric capsular polysaccharide normally on the cell surface, we prepared total cellular polysaccharides from the wild type and rkp-1 mutants harboring pMW23 and subjected them to additional analysis. The chromatography of the polysaccharide extracts derived from the wild-type Rm1021 and the rkpA mutant harboring plasmid pMW23 indicated that both strains produced veryhigh-molecular-weight material that migrated as a distinct peak at the exclusion volume of an S-400 column when chromatographed in the presence of detergent (dissociative conditions) (Fig. 5A ). This indicates an apparent molecular mass of approximately 2 ϫ 10 6 Da or greater, in agreement with the reported exclusion limit of this matrix as measured with polysaccharides. This fraction was isolated and subjected to glycosyl composition analysis (Fig. 5B) . The predominant carbohydrate in both strains was Kdo, suggesting that the primary high-molecular-weight polysaccharide component was a Kdorich polysaccharide (K antigen). Small amounts of other glycosyl components also were present in this fraction; however, the structural relationships of these sugars with Kdo were not investigated further.
Identification of genes required for optimum polymerization of the very-high-molecular-weight polysaccharide. Our data suggested that rkp-1 mutants fail to express the capsular polysaccharide on their cell surface. Instead, the mutants produce a very-high-molecular-weight intracellular polysaccharide species. Compositional analysis demonstrated that the very-highmolecular-weight polysaccharide is enriched in Kdo, suggesting that it is an altered form of the Kdo homopolymer normally found on the cell surface. To determine if the two polysaccharides are related, we sought to construct mutants that affect the polymerization of the Kdo homopolymer. The identification of FIG. 4 . Cellular location of very-high-molecular-weight polysaccharides. (A) Analysis of periplasmic contents of wild-type and rkpA::Nm cells. Periplasmic polysaccharides were liberated from wild-type and mutant strains using osmotic shock as described in Materials and Methods. Polysaccharides recovered from both the soluble (lanes 1 to 4) and insoluble osmotic shock fractions (lanes 5 to 8) then were subjected to TrisTricine SDS-PAGE, and the polysaccharides were visualized by staining with Alcian blue. Lanes 1 and 5, strain MGM044 (wild-type Rm1021/ pTE3 [WT/pTE3]); lanes 2 and 6, MGM312 (WT/pMW23); lanes 3 and 7, MGM050 (rkpA::Nm/pTE3); and lanes 4 and 8, MGM314 (rkpA::Nm/pMW23). The presence of the plasmid containing rkpZ (pMW23) is indicated beneath each lane with a plus, and the presence of the control plasmid (pTE3) is indicated with a minus. The open triangle refers to the interface between the stacking and separating gel. (B) Subcellular fractionation of very-high-molecular-weight capsular polysaccharide extracted from insoluble osmotic shock fractions. Wild-type and mutant cells were treated with osmotic shock. The insoluble pellets then were exposed to freeze-thaw followed by ultracentrifugation. Polysaccharides were extracted from the resulting pellet fraction via phenol-water extraction (lanes 5 to 8) or supernatants were left untreated (lanes 1 to 4) . Finally, polysaccharides from both ultracentrifugation fractions were fractionated using Tris-Tricine SDS-PAGE and stained with Alcian blue. Lanes 1 and 5, strain MGM044; lanes 2 and 6, MGM312; lanes 3 and 7, MGM050; and lanes 4 and 8, MGM314. HMW, high molecular weight; LMW, low molecular weight.
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on October 23, 2017 by guest http://jb.asm.org/ mutations that affect the Kdo homopolymeric capsule and the very-high-molecular-weight polysaccharide would provide evidence of a precursor-product relationship between the two. The S. meliloti gene kdsB2 was annotated as a CMP-Kdo cytidylyltransferase (1, 24, 26) based on sequence identity to known enzymes. We hypothesized that kdsB2 is necessary for the synthesis of the homopolymeric capsule. We generated a disruption of kdsB2 via vector integration with pDW33 and assayed the strain for the production of Kdo homopolymer in the presence of either plasmid pMW23 or vector control. The polysaccharide profile for kdsB2::pDW33 harboring the vector control was indistinguishable from that seen for the wild type (Fig. 6) . However, in the presence of plasmid pMW23 the capsular polysaccharide isolated from the kdsB2::pDW33 mutant exhibited a small but reproducible decrease in M r compared to that of wild-type strains harboring pMW23 (Fig. 6,  compare lanes 2 and 4) . Thus, we concluded that kdsB2 is required for the optimum polymerization of the Kdo homopolymer. Interestingly, the kdsB2 gene is located directly upstream of two genes: smb20804 (predicted to encode a membrane protein of unknown function) and smb20805 (predicted to encode a glycosyltransferase). We constructed mutations in both smb20804 and smb20805 and visualized the cell surface polysaccharides by Tris-Tricine SDS-PAGE and staining with Alcian blue. Both the smb20804::pDW33 and smb20805:: pDW33 mutations resulted in a phenotype similar to that observed in the kdsB2::pDW33 mutant in the presence of pMW23 (Fig. 6) . Complementation experiments clearly demonstrated that smb20805 is required for the optimum synthesis of the Kdo homopolymer; results with kdsB2 and smb20804 were inconclusive (see Fig. S2 in the supplemental material).
KdsB2 and Smb20805 affect the synthesis of the very-highmolecular-weight polysaccharide. To determine if the kdsB2 gene cluster mutants affected synthesis of the very-highmolecular-weight polysaccharide, we used the phenol-water extraction method to recover cellular polysaccharides from wild-type Rm1021, the rkpA::Nm mutant, and the kdsB2:: pDW33 and smb20805::pDW33 mutant strains, each harboring the pMW23 plasmid. We did not observe the presence of the very-high-molecular-weight polysaccharide species in the kdsB2::pDW33 and smb20805::pDW33 mutants harboring the pMW23 plasmid (Fig. 3A, compare lanes 2, 4, 6 , and 8). The ability of the kdsB2::pDW33 and smb20805::pDW33 mutants to affect the polymerization of both polysaccharides suggests that they are variants of the same capsular species.
Symbiotic effects of mutations affecting Kdo homopolymer synthesis. Our studies identified mutations that affect the (67), all of the strains assayed were able to elicit the formation of root nodules. Although all strains could elicit nodules on M. sativa, they differed in their ability to fix nitrogen for the host. Wild-type Rm1021, as well as the rkpA::Nm and kdsB2::pDW33 mutant strains, elicited the formation of pink nodules on at least 14/15 plants, a result that was unaffected by the presence or absence of pMW23 (Table 2) . Furthermore, all of the plants displayed robust growth on the nitrogen-free Jensen medium, generating healthy green shoots. Similar results were observed in plant dry weight measurements (Fig. 7) , which have been used in several prior studies as an estimate of nitrogen fixation (31, 33, 76, 77) . Collectively, these data suggest that the Kdo homopolymeric capsule is not essential for either nodule formation or nitrogen fixation in otherwise wild-type Rm1021.
In contrast, mutants unable to produce succinoglycan, both in a wild-type background (exoY::pDW33) or when combined with a mutation that alters Kdo capsule polymerization (exoY::pVO155 kdsB2::pDW33) or with a mutation preventing capsule surface display (exoY::pDW33 rkpA::Nm), triggered the formation of white nodules. The corresponding plants displayed stunted growth and were yellow in color. We observed only a single plant under these conditions that was green and carried a few pink nodules (Table 2) . Consistently with these results, we observed a decrease in measurements of the dry weights of plants inoculated with these strains (Fig. 7) . In the presence of pMW23, however, the number of green plants carrying pink nodules increased to 7/15 plants when inoculated with the exoY::pDW33 mutant and 6/15 plants when inoculated with the exoY::pVO155 kdsB2::pDW33 double mutant. We also observed an increase in mean plant dry weight, although it was reduced with respect to the wild type (Fig. 7) . This result is similar to those of previous studies, which also reported only a partial restoration of nitrogen-fixing symbiosis in exo mutants carrying pMW23 (48, 59, 67, 79) .
In contrast, we observed only a single green plant with pink nodules when inoculated with the exoY::pDW33 rkpA::Nm double mutant harboring pMW23 ( Table 2 ). Plants inoculated with this strain displayed a mean dry weight similar to that of the same mutant harboring the vector control, which was reduced compared to the dry weight observed for the wild type or for the kdsB2::pDW33 and rkpA::Nm single-mutant strains harboring pMW23 (Fig. 7) . We concluded that the rescue of the symbiotic phenotype of Rm1021 exoY mutants by rkpZ is dependent on the rkp-1 cluster. Interestingly, the kdsB2::pDW33 mutation did not affect the rescue of exoY::pVO155 mutants by rkpZ, suggesting that changes in the degree of polymerization do not affect symbiotic efficiency. In addition, we observed that plants displaying a reduced fixation of nitrogen contained nodules with fewer viable bacteria than those of plants inoculated with wild-type Rm1021 (see Table S1 in the supplemental material).
DISCUSSION
Cell surface polysaccharides, such as LPS and capsule polysaccharide, contribute to diverse microbe-host interactions, including the nitrogen-fixing symbioses between rhizobia and leguminous plants. Studies of S. meliloti strain Rm41 have demonstrated a clear role for capsule polysaccharidein symbiosis. In other S. meliloti strains, such as the well-studied model Rm1021, the symbiotic function of capsule polysaccharide is less clear. To address this gap in knowledge, we carried out a molecular analysis of the Kdo homopolymeric capsule produced by strain Rm1021. We identified three new genes that, when disrupted, affect the degree of the polymerization of the Kdo homopolymeric capsule. We also demonstrated that the rkp-1 cluster is required for the display of the Kdo homopolymeric capsule on the cell surface. The results of this study, combined with data from other laboratories, provide strong evidence that the Kdo homopolymeric capsule produced by strain Rm1021 can contribute to symbiosis with alfalfa.
Based on the reported capsule composition, we focused our attention on kdsB2, which is annotated as a CMP-Kdo cytidylyltransferase. In the presence of plasmid-borne rkpZ from strain Rm41, mutants disrupted for kdsB2 or the downstream genes smb20804 and smb20805, produced capsule with a reduction in degree of polymerization compared to that of the wild type. In addition to its role as a substituent of the S. meliloti capsule, the sugar Kdo is a component of S. meliloti LPS (9) . We speculate that enzymes involved in LPS polymerization are able to functionally replace KdsB2, Smb20804, and Smb20805, which would explain the modest effects of the mutations on capsule polymerization. For example, the S. meliloti genome contains a predicted CMP-Kdo synthetase encoded by the kdsB gene. We were not able to generate a mutant deficient for kdsB, suggesting that it is an essential gene, which prevented any insight into its potential role in either LPS or capsule biosynthesis. Future studies will examine the effect of LPS mutants on the polymerization of the Kdo homopolymeric capsule.
A much stronger effect on the Kdo homopolymeric capsule was observed in mutants of the rkp-1 gene cluster. In the presence of the plasmid-borne rkpZ gene, rkp-1 mutants of strain Rm1021 accumulated a very-high-molecular-weight polysaccharide. Interestingly, this polysaccharide species also could be observed, albeit to a lesser extent, in wild-type Rm1021 cells harboring plasmid-borne rkpZ. Several lines of evidence suggest that the very-high-molecular-weight polysaccharide represents an intracellular form of the Kdo homopolymeric capsule normally present on the cell surface. First, a combination of EDTA-TEA extraction, osmotic shock treatment, and ultracentrifugation suggested that this very-highmolecular-weight polysaccharide was located in the cytoplasm, with a very small fraction being present in the cytoplasmic or outer membrane. Second, mutations in kdsB2 and smb20805 (which affect the polymerization of the Kdo homopolymer) prevented the accumulation of the very-high-molecular-weight polysaccharide. Third, an analysis of the composition of the very-high-molecular-weight polysaccharide showed that it was enriched in Kdo, which is consistent with it being a highmolecular-weight form of the Kdo homopolymer (Fig. 5) . Collectively, these data strongly suggest that rkp-1 mutants accumulate an intracellular high-molecular-weight form of the Kdo homopolymeric capsule. Interestingly, the rkpA gene of strain Rm1021 consists of one large ORF, whereas the equivalent region of strain Rm41 has been reported to encode six individual ORFs (rkpA-F) (52) . To further examine this surprising difference between Rm1021 and Rm41, we partially resequenced the rkpA region in Rm41. Although incomplete, our initial DNA analysis suggests that the rkpA region of Rm41 also consists of one large ORF that is similar to that of Rm1021 (M. G. Müller et al., unpublished).
The sequence similarity between rkpA and genes involved in fatty acid synthesis led to the proposal that the rkp-1 gene cluster was responsible for the synthesis, modification, or transfer of a lipid anchor or lipid carrier (38, 52) . In this view, nascent cytoplasmic chains of polysaccharide (4 to 7 kDa) are transferred to an rkp-1-dependent lipid anchor/carrier prior to further polymerization, followed by export to the cell surface (59) . A key prediction of this model is that only the 4-to 7-kDa nascent chains of polysaccharide accumulate in mutants of the rkp-1 cluster. Consistently with this model, in the absence of plasmid-borne rkpZ we failed to detect capsular polysaccharide in rkp-1 mutants (the 4-to 7-kDa polysaccharides likely are undetectable via our PAGE assay). However, in the presence of plasmid-borne rkpZ, we observed an accumulation of polysaccharides of very high molecular weight in rkp-1 mutants, which appeared to be cytoplasmically located. This result stands in contrast to the prediction of the model. Mutations affecting rkp-1 in S. meliloti strain Rm41 have been reported to result in a lack of detectable capsular polysaccharide (38, 52) . However, our studies using [U- 14 C]glucose labeling and phenol-water extraction also resulted in the observation of a similar very-high-molecular-weight form of capsule in rkpA mutants of strain Rm41 (M. G. Müller et al., unpublished). Although preliminary in nature, these data suggest that rkp-1 mutants display similar phenotypes in both Rm1021 and Rm41.
In the presence of plasmid-borne rkpZ, S. meliloti strain Rm1021 produces Kdo homopolymeric capsule with an increased degree of polymerization (67) . Within strain Rm41, however, mutants lacking rkpZ display an increased degree of the polymerization of capsular polysaccharide (59) , suggesting that the protein functions to reduce the degree of polymerization. In either case, the results have led to the suggestion that RkpZ functions as a chain length regulator (37, 59) . Interestingly, the expression of rkpZ in strain Rm1021 also resulted in an overall increase in the abundance of the Kdo homopolymer (67) . These unexpected effects of rkpZ on capsule abundance led the authors of a previous study to suggest that RkpZ instead acts as a regulator of polysaccharide synthesis (67) , with the altered degree of polymerization being a consequence of capsule overproduction. The results of our study are consistent with this idea. We propose that the heterologous expression of rkpZ leads to greatly increased capsule biosynthesis in wild-type strain Rm1021, which exceeds the ability of the cell to transport the polysaccharide from the cytoplasm. In the absence of efficient transport from the cytoplasm, this cytoplasmic Kdo homopolymeric polysaccharide continues to undergo polymerization, resulting in the production of the very-highmolecular-weight species observed in wild-type strains harboring rkpZ. Mutations in kdsB2, smb20804, and smb20805 decrease the rate of polymerization, which allows transport to remain balanced with synthesis, thereby preventing the accumulation of the very-high-molecular-weight polysaccharide. In rkp-1 mutants transport is blocked, leading to the production of exclusively very-high-molecular-weight polysaccharide.
While evidence from our group, as well as that from other groups (67) , suggests that RkpZ acts as a regulator of Kdo synthesis, the mechanism of this regulation is unclear. The introduction of plasmid-borne rkpZ had no effect on the expression of kdsB2::uidA, smb20804::uidA, and smb20805::uidA transcriptional fusions, nor did it affect the expression of rkpA::uidA, rkpG::uidA, rkpH::uidA, rkpI::uidA, or rkpJ::uidA transcriptional fusions (M. G. Müller et al., unpublished data). Therefore, RkpZ does not appear to act as a regulator of transcription. Interestingly, RkpZ exhibits 42% amino acid identity to KpsC from E. coli (8, 47) . When kpsC was mutated, it rendered the E. coli cell surface devoid of K5 antigen. Instead, the polysaccharide was present solely in the cell cytoplasm and lacked a phospholipid anchor, although its size was similar to that of wild-type E. coli K5 antigen (8) . In addition, recent localization studies have suggested that KpsC functions as part of a complex connecting polysaccharide synthesis to transport (62) , which could mean that KpsC and RkpZ carry out similar functions. Future studies will examine the role of RkpZ in polysaccharide synthesis and export.
